Analyses of a collection of full-length TT virus genomes showed nearly half of them to be recombinant. The results were highly significant and revealed homologous recombination both within and among genotypes, often involving extremely divergent lineages. Recombination breakpoints were significantly more common in the noncoding region of the TT virus genome than in the coding region.
TT virus (TTV) is a newly discovered nonenveloped DNA virus that was initially considered to be a possible agent of viral hepatitis, since it was first recovered from a patient with posttransfusion hepatitis of unknown etiology (12, 15) . Subsequent studies, however, have shown it to be very widespread and to occur at an extremely high prevalence even in healthy populations (1, 9, 18, 20) , casting doubt on its causal role in human disease. Its circular, single-stranded, negative-sense DNA genome, approximately 3,850 nucleotides in length (10, 11) , bears little or no identifiable similarity to other known viruses, and TTV appears to represent a new virus family, tentatively designated Circinoviridae (11) .
For a DNA virus, TTV exhibits an astonishingly large amount of genetic diversity. To date, more than 16 genotypes separated by more than 30% divergence at the nucleotide level have been described (6, 7, 14, 16, 18, 22) , incorporating three hypervariable regions (13) . Understanding the origins of such diversity is a fundamental problem in virology. While the role played by mutation has long been considered, it is becoming increasingly apparent that recombination also plays a key role in the evolution of many virus groups (19, 24) . The recent availability of several full-length TTV sequences (3, 6, 10, 11, 16) , along with evidence for mixed infection by multiple genetic types (2, 4, 17, 21) , prompted this investigation into whether recombination might also play a role in the evolution of TTV.
A total of 15 full-length or near-full-length TTV genomes with the following isolate names (accession numbers) were collected from GenBank: TA278 (AB017610) (16); GH1 (AF122913) (11); TUS01 (AB017613) (16); SAN-BAN (AB025946) (6); JA20 (AF122914), JA9 (AF122915), JA10 (AF122919), JA4 (AF122917), JA1 (AF122916), JA2B (AF122918), US32 (AF122921), and US35 (AF122920) (3); and BDH1 (AF116842), TTVCHN1 (AF079173), and TTVCHN2 (AF129887). The sequences were aligned using CLUSTAL W (23) and adjusted by hand. The resulting 3,853-nucleotide fulllength TTV alignment is available from the author on request.
The aligned data set was analyzed by various methods to identify possible recombinant isolates, to characterize their putative recombination breakpoints, and to test results suggestive of recombination for statistical significance. First, an exploratory tree analysis (5) was performed by sliding a 400-nucleotide window down the sequence alignment in 200-nucleotide increments, generating a series of trees for the different regions. All trees were reconstructed with the PAUP* program (version 4; Sinauer Associates, Sunderland, Mass.) using the neighbor-joining algorithm with distances estimated under the HKY85 model of DNA substitution. Seven isolates clearly changed topological position over different regions of their genomes, an indication of possible mosaic structure, and were earmarked as putative recombinants (data not shown).
Each putative recombinant isolate was subsequently examined using sliding window diversity plots to determine which of the other sequences in the data set it most closely resembled over the conflicting regions of its genome (5, 25) . A neighborjoining tree of the full-length data set, with bootstrap percentages based on 1,000 replicates, was also reconstructed and is shown along with a diagram of the TTV genome in Fig. 1 . Surprisingly, although almost half of the isolates appeared to contain sequence regions from more than one genotype, analysis of the full-length alignment gave no indication of this, with all putative recombinants supported by high bootstrap scores within distinct clades (Fig. 1b) .
The putative recombinants were next subjected to a maximum likelihood (ML) method for estimating recombination breakpoints and testing their significance (8) . Briefly, this approach finds breakpoints by dividing an alignment of a putative recombinant and its two "parents" (those sequences it most resembles in different genomic regions) into two regions (using either one or two breakpoints) and finding a separate ML tree for each. All possible partitions (breakpoints) are tried, and the scores for the two trees in each case are combined to give a "recombination model" likelihood for that particular partitioning of the alignment. If recombination has occurred, the highest combined score is expected when the alignment is broken at the actual recombination breakpoint(s), since the two trees reconstructed in this case best reflect the true phylogenetic history of the separate recombinant regions (8, 25) .
Statistical significance for the inferred breakpoints is determined by comparing the recombination model likelihood to the likelihood obtained from the unbroken alignment (i.e., the "no recombination model") by using a likelihood ratio test and a Monte Carlo approach based on sequences simulated without recombination (8, 25) . Significance is established if the observed improvement in likelihood under the recombination model (i.e., when more than one tree can fit the data) is greater than that expected by chance, as assessed by comparison with the null distribution generated from simulated data. These analyses were performed on four overlapping, 1,200-nucleo- tide regions of the full-length alignment, and all significance tests were based on 200 simulated data sets for each set of breakpoints evaluated.
Finally, confirmation that significant results reflected mosaic genomes containing regions with different evolutionary histories was provided by constructing bootstrap phylogenetic trees (1,000 replicates) for the different recombinant regions. Table 1 shows the results of the breakpoint analysis of putative recombinants and their "parents," those isolates most similar to them in different genomic regions. The breakpoints identified within every putative recombinant genome closely matched those expected from the exploratory tree and diversity analyses and proved to be highly statistically significant, with likelihood ratios in each case much higher than any generated by 200 simulated data sets (P Ͻ 0.005). The table also lists the percent similarity between putative recombinants and their parents, both over the full-length alignment and in specific recombinant fragments, showing that otherwise divergent isolates shared marked similarity in some genomic regions.
Strongly supported bootstrap trees (Fig. 2) confirmed the presence within single genomes of sequence from different genotypes or lineages: JA10 and JA2B (Fig. 2a) contained nearly identical stretches of genotype 1 sequence, most similar to that of JA20, and appeared to be descendants of a single, recombinant common ancestor. TTVCHN2 (Fig. 2b to d ) grouped alternately with genotypes 1 and 3 in various parts of its genome. US35 (Fig. 2e) moved from a position basal to US32 and JA1 to group with US32. TUS01 (Fig. 2f) , otherwise extremely divergent (see Fig. 1b ), contained some genotype 2 sequence. Likewise, SANBAN (Fig. 2g) contained some genotype 1 sequence. Finally, over a similar region ( Fig. 2h ; see Table 1 for the precise breakpoints), JA20 exhibited genotype 3 sequence, TUS01 contained genotype 1 sequence, and JA10 grouped with the extremely divergent isolate SANBAN. For clarity, three of the isolates shown in Fig. 1b (BDH1, JA9, and JA4) were not included here because they were very similar to other isolates across the full-length alignment. Also for clarity, the two very divergent isolates TUS01 and SANBAN were only included for regions where they were recombinants or parents of other recombinants. Neither the alignment nor the subsequent analysis was significantly affected by the presence or absence of these two isolates, and bootstrap trees produced using all 15 isolates produced virtually identical findings in all cases. These results indicate that TTV undergoes relatively frequent recombination.
Of the seven recombinants, five (TUS01, SANBAN, JA20, JA10, and JA2B) were identified as intergenotype homologous recombinants; one (US35) was an intragenotype homologous recombinant; and one (TTVCHN2) showed evidence of both inter-and intragenotype homologous recombination. Three isolates (TTVCHN2, TUS01, and JA10) contained gene sequences from at least three different sources, indicating a history of multiple recombination events. This observation was not surprising, given the extremely high percentage of recombinants among these natural TTV isolates (Ͼ46%). One of these, TTVCHN2, contained two distinct regions of genotype 3 sequence (Fig. 2c and d) .
A comparison of all the recombinant regions identified in this study (Table 1 ) with the structure of the TTV genome (Fig.  1a) revealed a surprising preponderance of breakpoints in the relatively short noncoding region. After correcting for nonindependent comparisons, 13 out of 19 breakpoints fell within the contiguous 1,048-nucleotide noncoding region, while only 6 out of the 19 were found within the 2,805 nucleotides spanning open reading frames 2, 1, and 3. The difference in the numbers of breakpoints falling in noncoding versus coding sequence was highly significant based on a chi-square test ( 2 ϭ 16.3; df ϭ 1; P Ͻ 0.0001). It is not clear whether this reflects a higher rate of recombination events in the noncoding region or the enhanced fitness of noncoding compared to coding region recombinants. While neither the coding nor the noncoding region breakpoints appeared to map to especially similar sequence regions, such as direct or inverted repeats, they did not generally correspond to insertions or deletions either. The evident pattern of homologous crossing over may thus reflect a copy choice mechanism for recombination in these novel DNA vi- It is important to note that detailed information on the strategy of sequencing was obtained for all seven recombinants (3, 6, 11, 16; C.-H. Huang, personal communication) and provided convincing evidence that the mosaic genomes identified here are natural recombinants and not laboratory artifacts. First, the successful amplification of long, overlapping sequence regions depended upon the presence of intact, circular TTV genomes, not fragmented ones. Crucially, for each recombinant, a comparison of the endpoints of the amplified PCR products with the inferred breakpoints showed that they did not correspond: the breakpoints listed in Table 1 could not be explained by the regions amplified and sequenced for each isolate. Furthermore, laboratory artifacts cannot readily explain the common recombinant region shared by JA10 and JA2B (Fig. 2a) : it seems much more plausible that they diverged from a recombinant ancestor than that they arose by independent but identical errors (8, 25) .
It is worth considering in this context that Taq polymerase has been shown to produce recombinant molecules reminiscent of the products of rolling circle DNA synthesis (26) . However, since the recombination events described in that study were nonhomologous, it is not clear that such a process could underlie the homologous recombination detected here. Significantly, the majority of the genomes in the present data set were isolated from carefully collected and stored patient serum, most of which were not observed to be multiply infected, were the result of extremely clean, single, intense PCR products of the expected size, and were confirmed by evaluation of multiple PCR products and found to represent single sequences (J. C. Erker, personal communication). Taken together, these observations strongly suggest that these chimeric genomes were generated by natural recombination, not laboratory error.
The full-length tree with its associated bootstrap values (Fig.  1b) is quite instructive in light of the detailed evidence for recombination among the isolates depicted. For instance, not only does each recombinant fall within a distinct clade of this tree, but every one is supported by a deceptive 100% bootstrap score even though it contains extensive regions of alternative ancestry. At the same time, the highly structured tree clearly indicates that a good deal of phylogenetic signal remains among the isolates analyzed, despite the effects of recombination. Except, for instance, in the case of JA10 and JA2B (Fig.  2a) , much of the evidence for recombination described here could reflect fairly recent events between different TTV lineages. The often high degree of similarity between recombinants and their parents (Table 1) suggests that in some cases little independent evolution has occurred since recombination.
In conclusion, the findings reported here imply that short sequence regions, particularly from the noncoding regions of TTV genomes, may be inadequate markers for identifying and typing isolates and for reconstructing the evolutionary history of this group. Furthermore, although long sequence regions or full-length genomes will be preferable for studies of TTV, even these must be scrutinized with care to reveal the fingerprint of recombination. The detection of recombination in TTV underscores the notion that for any group of viruses the assumption of clonality should be validated by explicit tests whenever phylogenies are used for virological inference. The evidence for recombination revealed by these analyses of full-length TTV genomes is remarkable because it shows for the first time that recombination not only occurs but is widespread in this newly discovered group and so is probably an important force in its evolution. Perhaps most intriguingly, the results demonstrate that extremely divergent variants of this novel DNA virus are linked, by recombination, into a single gene pool. Neighbor-joining trees reconstructed from the recombinant regions revealed by the breakpoint analysis. Branch lengths are drawn to scale, associated bootstrap values are shown, and genotypes 1 to 3 are indicated. The region of the full-length alignment used to reconstruct each tree is included above it, and the recombinant isolate(s) for that region are boxed. Other trees not shown produced similarly high bootstrap support for phylogenetically conflicting regions. These results illustrate that many of the individual full-length sequences in the TTV data set contain regions with conflicting evolutionary histories.
